Requirement for Tec Kinases in Chemokine-Induced Migration and Activation of Cdc42 and Rac  by Takesono, Aya et al.
Current Biology, Vol. 14, 917–922, May 25, 2004, 2004 Elsevier Ltd. All rights reserved. DOI 10.1016/j .cub.2004.04.011
Requirement for Tec Kinases
in Chemokine-Induced Migration
and Activation of Cdc42 and Rac
argues that Tec kinases also help regulate TCR-induced
actin polarization and activation of the Rho family
GTPase Cdc42 [8–11].
Given the role of Tec kinases in actin cytoskeletal
reorganization and the importance of actin polarization
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for chemokine responses, we investigated the role of
Tec kinases in chemokine signaling in T lymphocytes.
Because translocation to the plasma membrane is a keySummary
step for Tec kinase activation upon antigen receptor
engagement [8], we first examined whether chemokineCell polarization and migration in response to chemo-
kines is essential for proper development of the im- stimulation alters the subcellular localization of Itk and
Rlk. In TCR signaling, Itk translocates to the plasmamune system and activation of immune responses.
Recent studies of chemokine signaling have revealed membrane through the interaction of its pleckstrin ho-
mology domain with the products of PI3-kinase [12, 13].a critical role for PI3-Kinase, which is required for
polarized membrane association of pleckstrin homol- In contrast, Rlk lacks a PH domain and its activation
and membrane localization occur independently of PI3-ogy (PH) domain-containing proteins [1, 2] and activa-
tion of Rho family GTPases that are essential for cell kinase [14]. To determine the effects of chemokines
on Itk and Rlk subcellular localization, HeLa cells werepolarization and actin reorganization [3, 4]. Additional
data argue that tyrosine kinases are also important transiently transfected with GFP-tagged versions of Itk
and Rlk and stimulated with SDF-1 (CXCL12), a chemo-for chemokine-induced Rac activation [4]. However,
how and which kinases participate in these pathways kine that acts via the broadly expressed receptor
CXCR4.remain unclear [5]. We demonstrate here that the Tec
kinases Itk and Rlk play an important role in chemokine In control conditions, in the absence of SDF-1, Itk-
GFP was detected throughout the cytosol, whereas Rlk-signaling in T lymphocytes. Chemokine stimulation in-
duced transient membrane association of Itk and GFP was observed both in the nucleus and associated
with small vesicles dispersed in the cytosol [14]. How-phosphorylation of both Itk and Rlk, and purified T cells
from Rlk/Itk/ mice exhibited defective migration ever, upon exposure of cells to SDF-1, Itk-GFP tran-
siently translocated to the plasma membrane (Figureto multiple chemokines in vitro and decreased homing
to lymph nodes upon transfer to wt mice. Expression 1A), reaching a peak membrane localization 2–5 min
poststimulation, after which Itk-GFP relocalized to cyto-of a dominant-negative Itk impaired SDF-1-induced
migration, cell polarization, and activation of Rac and sol. Of note, when SDF-1was added asymmetrically to
the culture, localization of Itk-GFP appeared polarized.Cdc42. Thus, Tec kinases are critical components of
signaling pathways required for actin polarization Pretreatment of cells with pertussis toxin, which blocks
Gi/o-coupled chemokine receptors, or Wortmannin,downstream from both antigen and chemokine recep-
tors in T cells. which inhibits PI3-kinase, prevented this translocation
as did coexpression of the G subunit of transducin
(Gt), which binds and sequesters endogenous G [26]Results and Discussion
(Figures 1B and S1). In contrast, Rlk-GFP localization
was not dramatically affected by SDF-1, although weSDF-1 Induces Membrane Localization
of Tec Kinases observed some increases in the amount of nuclear Rlk,
as has been seen post-TCR stimulation of T cells (FigureThe Tec kinases are a family of nonreceptor tyrosine
kinases that are notable because most members pos- 1A) [14].
sess PH domains that bind lipid products of PI3-kinase.
Best known for their roles in regulating phospholipase
SDF-1 Induces Tyrosine PhosphorylationC-downstream from antigen receptors in lymphocytes,
of Tec Kinasesmutations affecting a Tec kinase Btk cause X linked
To determine whether chemokine stimulation activatesAgammaglobulinemia. Similarly, Itk and Rlk, two Tec
Tec kinases, we examined the effects of SDF-1 onkinases expressed in T cells, are required for T cell
phosphorylation of endogenous Itk, the major Tec ki-receptor (TCR)-induced proliferation, cytokine produc-
nase expressed in the Jurkat T cell line. In this cell line,tion, and Ca2 mobilization [6, 7]. However, recent data
Itk is constitutively localized at the plasma membrane
due to a deficiency of the lipid phosphatase PTEN [13].*Correspondence: pams@nhgri.nih.gov
2 Present address: Ludwig Institute for Cancer Research, Cell and Exposure of Jurkat cells to SDF-1 led to a rapid in-
Molecular Biology Branch, 91 Riding House Street, London W1W crease in Itk tyrosine phosphorylation (Figure 1C). Con-
7BS, United Kingdom. sistent with the known role of Lck in activation of Itk and
3 Present address: Translational Research Center, Kyoto University previous reports that Lck is important for chemokine-
Hospital, 54 Shogoin Kawahara-cho Sakyo-ku, Kyoto, 606-8507,
induced migration of Jurkat cells [15], inhibition of SrcJapan.
family kinases with PP2 prevented Itk phosphorylation4 Present address: University of Texas San Antonio Medical School,
7703 Floyd Curl Drive, San Antonio, Texas 78229. (data not shown). Furthermore, examination of a trans-
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Figure 1. Transient Translocation of GFP-Itk to Plasma Membrane and Activation of Itk in Response to SDF-1
(A) HeLa cells expressing GFP, Itk-GFP, or Rlk-GFP were examined by confocal microscopy before (medium) and after exposure to 10 nM
SDF-1 at 37C for the indicated time periods. Data are representative of six independent experiments (see Supplemental Data).
(B) Translocation of Itk-GFP in response to SDF-1 requires activation of Gi/o proteins and PI3 kinases. Itk-GFP expressing HeLa cells were
pretreated with or without (control) pertussis toxin (PTX) or Wortmannin (WORT), and subcellular localization of Itk-GFP is shown before
(medium) and after exposure to 10 nM SDF-1 for 5 min. Data are representative of four experiments.
(C) SDF-1 increases tyrosine phosphorylation of Itk and Rlk. Jurkat cells were stimulated with 200 nM SDF-1 for the indicated times, lysed,
Itk immunoprecipitated, and immunoblotted for phosphotyrosine. Alternatively, Jurkat cells were transfected with a murine Rlk expression
construct, treated as above, and lysates were immunoprecipitated with anti-Rlk and immunoblotted with anti-phosphotyrosine.
fected murine Rlk construct revealed that SDF-1 also Itk Activity Influences SDF-1-Induced Migration
To evaluate whether Tec kinases are functionally impor-induced tyrosine phosphorylation of Rlk (Figure 1C).
Thus, chemokines appear to stimulate phosphorylation tant for chemokine signaling, we used a transwell-based
assay to evaluate the effects of altered Itk expressionof both Itk and Rlk.
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polarized morphology verses 19%  6.5% ItkKD-GFP-
expressing cells at 2 min of stimulation). Moreover,
ItkKD-GFP cells also showed decreased actin polymer-
ization in response to SDF-1 as assessed by flow cy-
tometry of fluorescently labeled phalloidin binding (Fig-
ure S3).
To determine whether Itk also regulates chemokine-
induced activation of Rho family GTPases, we utilized
a GST-PAK-CRIB pull-down assay to isolate active, GTP
bound Cdc42 and Rac. Stimulation of GFP-expressing
Jurkat cells with SDF-1 led to the rapid activation of
both Rac and Cdc42. However, Jurkat cells expressing
ItkKD-GFP showed impaired SDF-1-induced Rac and
Cdc42 activation (Figures 3B and 3D). In contrast, acti-
vation of Erk in response to SDF-1 was only minimally
affected in the ItkKD-GFP cells, suggesting that some
Figure 2. Itk Expression Alters Jurkat Cell Migration chemokine-mediated signaling pathways are intact in
(A) Jurkat cells transiently transfected with constructs expressing these cells (Figure 3C). Similar results have been re-
either GFP or Itk-GFP were assayed for migration to 10 nM SDF-1
ported for cells expressing dominant-negative class Iin transwells.
and II PI3-kinases, which also show relatively normal(B) Jurkat cells expressing a doxycycline-inducible kinase-dead Itk-
activation of Erk despite abnormal migration in responseGFP (ItkKD-GFP see Figure S2) or GFP were induced with doxycy-
cline for 48 hr and assayed for migration in response to 10 nM to chemokines [16].
SDF-1.
(C) Jurkat tag cells were transfected with siRNA directed against
Itk, and 24 hr later, cells were loaded with Fura-red and Fluo-2, Tec Kinases Are Required for Chemokine
stimulated with 20 nM SDF-1, and Ca2 mobilization recorded by
Responses In VivoFACs. Levels of Itk protein are indicted in the insert.
To evaluate whether Tec kinases are also functionally
important for chemokine responses in primary lympho-
cytes, we examined migration of T cells isolated fromon SDF-1-induced migration of Jurkat cells. Transient
overexpression of Itk-GFP led to increased SDF-1- mice deficient in Itk and Rlk. We have previously shown
that T lymphocytes from these mice have impaired re-induced migration of Jurkat cells (Figure 2A). Conversely,
stable cell lines overexpressing kinase-dead Itk-GFP sponses to TCR stimulation. Defects are minor in Rlk/,
moderate in Itk/, and most severe in Rlk/Itk/ T cells,(ItkKD-GFP, Figure S2) exhibited decreased migration
in response to SDF-1 compared to clones expressing suggesting these Tec kinases have partially redundant
functions in T cells. T lymphocytes from Rlk/Itk/ miceGFP alone (Figure 2B). Moreover, either cells expressing
ItkKD-GFP or cells in which Itk expression was downmo- exhibited defective migration to multiple chemokines
tested, including SDF-1 and MIP3- (CCL19) (Figuredulated with small interfering double-stranded RNA oli-
gonucleotides (siRNA) showed reduced Ca2 flux in re- 4A). This decreased migration did not appear to result
from altered chemokine receptor expression, sincesponse to SDF-1 (Figure 2C and data not shown). Thus,
Itk activity appears to be important for SDF-1-induced semiquantitative RT-PCR, RNase protection assays,
and flow cytometry all indicated that wt and Rlk/Itk/responses.
T lymphocytes expressed nearly equal levels of CXCR4
(Figure S4). Furthermore, sorted naı¨ve CD62LhiDominant-Negative Itk Blocks SDF-1-Induced
Cell Polarization and Activation of Cdc42 and Rac CD44loCD4 cell populations from Rlk/Itk/ mice also
showed defective migration to SDF-1 and MIP-3 (Fig-Recent data suggest that Itk is required for TCR-induced
actin polarization and the activation of Cdc42 and its ure 4B and data not shown), arguing that the defective
migration of Rlk/Itk/ T cells did not result from differ-downstream effector WASP, a critical regulator of the
actin cytoskeleton that contributes to lymphocyte che- ences in cell populations. Thymocytes from Rlk/Itk/
mice also exhibited defective migration to several che-motaxis [8–10]. To determine whether similar defects are
observed downstream of chemokine receptor signaling, mokines, including TECK (CCL25) (A.T., unpublished
data). Finally, as seen for TCR signaling, less severewe examined polarization of Jurkat cells that were
bound to beads coated with either fibronectin or fibro- defects were observed in Itk-deficient T cells compared
to the doubly deficient cells, and Rlk/ T lymphocytesnectin and SDF-1. In the absence of SDF-1 or in the
presence of SDF-1 at 0C, cells bound the fibronectin- migrated similarly to wt cells, consistent with functional
redundancy between these kinases (Figure 4A and datacoated beads yet retained a spherical morphology (Fig-
ure 3A, upper rows). Stimulation of wt Jurkat cells or not shown).
Although Rlk/Itk/ mice have relatively normal num-Jurkat cells expressing GFP with beads coated with
fibronectin and SDF-1 at 37C led to rapid changes in bers of thymocytes [17], they exhibit reduced numbers
of lymph node T cells (5.5  0.45  106 lymph nodecell morphology, with increased F-actin accumulation
associated with engulfment of the beads. However, cells T cells per Rlk/Itk/ mouse, n	 16, compared to 8.2
0.34  106 T cells per wt mouse, n 	 17). These findingsexpressing ItkKD-GFP failed to elongate and exhibited
polarized actin accumulation upon SDF-1 stimulation suggest that T cells from Rlk/Itk/ mice may also ex-
hibit altered lymphocyte homing in vivo. To address this(Figure 3A, 89% 4.5% GFP-expressing cells exhibited
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Figure 3. Kinase-Inactive Itk Blocks Responses to SDF-1
(A) Kinase-dead Itk blocks actin-polarization in response to SDF-1. Jurkat cells expressing kinase-dead Itk-GFP or GFP alone were preincu-
bated with latex beads coated with fibronectin and SDF-1 for 10 min at 0C to make cell-bead conjugates. Cells were then heated to 37C,
fixed at the indicated times, stained with Rhodamine-Phalloidin, and visualized by confocal microscopy.
(B) Kinase-dead Itk-GFP prevents activation of Rac and Cdc42. Cells expressing either GFP or kinase-dead Itk-GFP (ItkKD-GFP) were stimulated
with 10 nM SDF-1, lysed, and lysates were incubated with GST-PAK CRIB-Glutathione-Sepharose beads. Proteins eluted were immunoblotted
sequentially with antibodies directed against Rac and Cdc42. Lysates were immunoblotted with anti-Cdc42 as a loading control.
(C) SDF-1-induced Erk activation is only minimally affected by kinase-inactive Itk. Lysates from cells stimulated with 20 nM SDF-1 were
immunoblotted with anti-phosphoErk (top) and then reprobed with anti-Erk 1 (bottom).
(D) Model for involvement of Tec kinases in chemokine signaling.
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data suggest that Tec kinases are important intermedi-
ates in the dynamic regulation of the actin cytoskeleton
via Rac and Cdc42 downstream from both antigen and
chemokine receptors (Figure 3D). The less severe effect
on Erk activation by SDF-1 in cells expressing a mutant
version of Itk suggest that the Tec kinases may be partic-
ularly important for the activation of Rho family GTPases
in chemokine receptor signaling.
Recently, the importance of PI3-kinase for chemo-
kine-mediated migration and cell polarization has been
highlighted in both Dictyostelium discoideum and neu-
trophils where localized PI3-kinase activity is required
for establishing a cellular compass for cell polarization
in response to chemokine gradients [1, 2]. The Tec ki-
nases are the only tyrosine kinase family that possess
Figure 4. Impaired Chemokine-Induced Cell Migration of Rlk/Itk/ PH domains and bind products of PI3-kinases. Our re-
T Cells sults raise the possibility that the Tec kinases may be
(A) Migration of purified T cells from wt, Itk/, or Rlk/Itk/ mice one of the key players activated by PI3-kinases that
was assessed in a transwell migration system in response to medium contribute to cell polarization and migration down-
alone (white bars), 10 nM SDF-1 (gray), or 10 nM MIP3- (black). stream from chemokine receptors. Our findings are sup-
Migration is presented as the mean percentage of the total cell
ported by very recent observations that f-Met-Leu-PheinputSEM of triplicates. Similar defects in migration were obtained
can induce translocation and activation of Tec in neutro-in five experiments.
phils and that a Btk inhibitor can impair neutrophil re-(B) Impaired in vitro migration of Rlk/Itk/ CD4 cells. Sorted
CD62LhiCD44loCD4 populations were evaluated for migration to sponses to this chemoattractant [18, 19]. Indeed, recent
10 nM SDF-1 in a transwell assay as described above. data demonstrating that Etk/Bmx can influence Rho ac-
(C) Impaired in vivo lymphoid tissue accumulation of naı¨ve tivation via affecting Ly-GDI binding and that Tec can
Rlk/Itk/ T cells. Negatively selected CD4 cells were stained with phosphorylate LARG suggest that the Tec kinases can
CFSE and injected into tail veins of C57Bl/6 mice. Blood, lymph
influence activation of multiple Rho family GTPases [20,nodes, and spleen were collected after 30 min, cells were stained
21]. Our data now demonstrate that the Tec kinases arefor CD4, and percentages of CFSECD4 cells in recipient tissues
indeed functionally important for chemokine responsesin mice injected with Rlk/Itk/ cells are presented as the (percent-
age of CFSECD4 cells in tissue in mice receiving Rlk/Itk/ cells)/ in lymphocytes. Moreover, recent data arguing that both
(percentage of CFSECD4 cells in tissue in mice receiving wt cells). Btk and Rac can regulate phosphoinositide metabolism
Data are the average  SEM for n 	 9 recipients from three experi- by recruiting PIP5K to the membrane [22] suggest that
ments. the Tec kinases may also contribute to amplification of
these signaling pathways through the generation of
more substrate for PI3-kinase.question, either purified negatively selected CD4 or
Previous studies have suggested that there is sub-sorted naı¨ve CD62LhiCD44lo CD4 cells from wt and
stantial crosstalk between G protein- and tyrosine ki-Rlk/Itk/ mice were labeled with the fluorescent dye
nase-mediated signaling pathways in lymphocytes, [5,carboxyfluorescein diacetate, succinimidyl ester (CFSE)
23–25]. Our findings demonstrate a role for Tec kinasesin vitro; injected into the tail veins of C57Bl/6 recipient
in chemokine receptor-mediated activation of Rho fam-mice; and blood, lymph nodes, spleens, bone marrow,
ily GTPases that parallels their functions in TCR signal-liver, and thymus were harvested at various times be-
ing and suggest that the Tec kinases participate in the
tween 30 min and 20 hr postinjection. Although similar
convergence of pathways required for actin cytoskele-
numbers of cells were found in the blood 1 min postinjec-
ton reorganization and the establishment of cell polarity.
tion (107%  11.1% the number of wt cells injected into
parallel animals), Rlk/Itk/ cells were lost rapidly over Supplemental Data
the course of 20 hr, suggesting that Rlk/Itk/ cells Supplemental Data including Experimental Procedures and four fig-
ures are available at http://www.current-biology.com/cgi/content/may exhibit decreased survival. Nonetheless, at all time
full/14/10/917/DC1/.points, comparatively fewer Rlk/Itk/ CD4 cells were
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